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Rous sarcoma virus {RSVJ enhancer sequences in The long terminal repeat (LTR) have previously been ahown to be 
sensitive to CpG rnethylation. We report further that the high density methylaTion of the RSV LTR-d riven chloramphenicol 
acatyUransf erase reporter is needed Tor lull transcriptional inntbltlon In cnicke^t emoryo norociiasts ana for suppression o1 
tumorlgsnlcfty of the RSV nroviraf DNA in chicken*. In nanpcrmlaarvo rnernrnelian cella. however, the low density rnethylation 
is sufficient for full inhibition. The timo eoureo of inhibition differs strikingly in avian and mammalian coll*: although 
immediately inhibited in mammalian cells, the methylated RSV LTR-d riven reporter '9 fully inhibited with a significant delay 
after transf action In avian cells. Moreover, transcriptional inhibition can be overridden by transf ection with a high dose of the 
methylated reporter plesmld In chicken cella but not In hamster cells. The LTR, v-src, LTR proviral DNA ic easily opablo of 
inducing sarcomas In chickens but not In hamsters. In contrast, Moloney murine leukemia virus LTR-oriven M-src induces 
sarcomas In hamsters with high Incidence. Therefore, the repression of intearated RSV croviruses in rodent cells is directed 
against me LTR. o 1BB9 Academic Press 



INTRODUCTION 

Rous sarcome virus (RSV) proviral DNA has previously 
been found to 09 hciavily methylated at CpGs in RSVA 
infected but nontrsmsformod rodent cells and in revar- 
tants that segregated spontaneously from RSV-trans- 
formed rodent cells [Hejnar er aL, 1894; Searle er aL, 
1984). Some, but not all, of these proviruses can be 
activated by 5-azacytidine (5-azaC) (Searle e? aL I9e4)< 
An interesting situation was described in the rat tumor 
cell line XC {Svoboda, 1981), which contains highly am- 
plified RSV genomes. These proviruses were found-tube 
mostly hypermethylated (Guntaka ef 3/ v .1980), but when 
rescued, they gave rise to unmethylated proviral copies 
in permissive chicken cells (Katz er ai r 1983). Avian 
endogenous oroviruses [ev loci) display similar behavior 
most or mem are memyiatea and transcriptionally inac- 
tive, and some (e.g., rav-o) are inouciDie by 5-azac 
(Qroualne er a/., 1331). Transcriptional suppression of 
methylated proviruses has also been described in ceils 
infected by Moloney murine leukemia virus (MoMLV; 
Challita and iCohn, 1994; Hoeben or aL, 1991) and human 
immunodeficiency virus type 1 (HIV-1) (Bednarik er aL, 
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1930). but it is still unclear whether DNA rnethylation is a 
cause or merely a consequence of gene fnacrjvation. 

More specific effects of DNA meihyiaiion were shown 
in tne case of hiv-i Methylatlon at two discrete CpGs 
within the U3 region or HIV-l LTR was sufficient for its 
inactivation, whereas coexpression of tat xransactivator 
overrode this inactivation and removed rnethylation. 
These findings, supported by data obtained in vivo, sug- 
gest that rnethylation can play an important role in ret- 
roviral latency {Bednarik et e/.,1990; Gutekunst er eL 
1993: Schulze-FoTSter^er aL 1990). By analogy in vitro 
meihyiaiion at CpGs at sites responsive to rax transac- 
tivator and phorbol myristate acetate (PMA) in the human 
T ceil leukemia virus type i (HTLV-i) LTR aorogated 
expression from the LTR-driven reporter gene, whereas 
the coexpression of tax and concomitant stimulation with 
PMA removed rnethylation end restored expression 
(Saggioro et bL, 1991). Reversibility of the rnethylation 
suppression is, however, dependent on the density of 
rnethylation. When all CpGs in the HTLV-1 LTR were 
modified by Sss\ methyltransferase, simulation by lex. 
and PMA was ineffective (Cassens era/., 1994). 

Direct and indirect molecular mechanisms by which 
DNA rnethylation controls the expression of cellular and 
orovirai genes nave recently Deen outlined. First tne 
presence of memylcytosine directly fnhloits the se- 
quence-sDeciTic Dlnainrj or some protein transactivators. 
such as the cAMP-responsive element-binding protein 
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HQ. 1, Schematic representation of methylable sites in the Pr-RSV-C LTH and adjacent faader region present In trie reporter piasmia pLTR-CAT. cdQ 
dinucleotide3 are represented by vertical linas, and the single CCGG sequence {Wpell site) ie denoted by open square. Four C/EBP binding sites in 
tne ennencar portion OT U3. TATA box. and transcription aiarr (horizontal arrow) ara displayed. 



(Igouchi-An'ga and Schaffner, 1989)- In contrast, tran- 
scription factors such as Sp1 and NF1 are methylation 
resistant in wrro-(Hoeller ez ai f 1983), and at least some 
members of the consensus binding sequence bind Sp1 
more strongly if they are methylated (Jane ef a/-. 1993). 
Second, methylated DNA can be bound by nuclear pro- 
teins, which secondarily prevent transcription factors 
from interacting with their binding sites. Among these 
proteins that bind preferentially to methylated DNA the 
MDBP-2 protein is a member of the* histone Hi family 
end acts as a high affinity repressor of the avian vitel- 
logenin II gene promoter (Bruhat and Jost 1995; Jost er 
at., 1991). Histone H1 generally contributes to changes in 
Chromatin structure and associates with methylated 
DNA regions (Lewis and Bird, 1331). Two other nuclear 
proteins, MeCPi and MeCP2 t are strong candidates as 
general methylation-dependent repressors due to their 
relaxed sequence specificity and widespread tissue dis- 
tribution (Bird, 1992). MeCP1 binds to DNA containing at 
least 12 symmetrically methylated CpGs (Meehan er a/_, 
1989). and MeCP-2 requires a single methylated CpG 
pair (Lewis er at.. 1992). The transcriptional-repression 
domain of MeCP2 associates with a corepressor com- 
plex containing at least two histone deacetylases (Jones 
etaL 1999; Nan etaL, 1998). Despite the fact that the LTR 
of murine myeloproliferative sarcoma virus belongs to 
the first promoter/enhancer sequences proved to be sup- 
pressed indirectly via MeCP (Boyes and Bird. 1931), little 
attention was paid to other retroviruses. 

RSV LTR nas previously been snown to be meihylation 
sensitive by Guntaka etaL (1987). in vitro methylation of 
the U3 region by a mammalian liver mernyitransf erase 
decreased transcription of the LTR-driven neo gene, as 
measured by the neo mHNA level. In the present study, 
we quantified RSV LTR transcriptional activity more pre- 
cisely using the chloramphenicol acetyltransferase (CAT) 
reporter at different densities of DNA methylation. We 
describe here different sensitivities to DNA methylation 

in chicken and hamster cells and propose that they might 

represent one of the mechanisms discriminating be- 
tween permissive and nonpermissive cells. 



RESULTS 

High density DNA methylation inhibits RSV LTR-driven 
transcription' 

To estimate the effects of differeni density of DNA 
methylation on RSV LTR-driven transcription, we have 
transiently transfected 2 /ig of in vitro methylated pLTR- 
CAT reporter DNA into chicken embryo fibroblasts 
(CEFs) and Syrian hamster cell line NIL-2.and assayed 
the resulting CAT activity 2 days after transfection. Dif- 
ferent levels of DNA methylation were obtained using 
prokaryotic methyiases Sssl, Hpall and Hhal Represen- 
tation of :h« RSV LTR with the respective methylation 
sites is shown in Pig. 1. CAT activity of the nonmethylated 
p LTR- CAT in CEFs was set as 100%. Methylation of all 
CpG sites by Sssl methylase (modifies 16 CpGs through- 
out RSV LTR) inhibited transcription almost completely in 
both chicken and hamater eglis. Low density methylation 
by /-/poll methylase (modifies a single CpG within the US 
region of RSV LTR) resulted in a retention of 38% CAT 
activity of the nonmethylated control in CEFs but abro- 
gated CAT activity in NHL.-2 ceils (Fig. 2). Methylation by 
final methylase, which does not recognize any site 
within RSV LTR, produced barely detectable effects on 
CAT activity both in CEFs and in IMIL-2 cells. Thus, RSV 
LTR is extremely sensitive to low density methylation in 
mammalian NlL-2 celts and requires high density metn- 
ylation to be inactivated in permissive chicken cells. For 
comparison, we also performed these experiments witn 
QT6, NIH-3T3, and LWEF cells and observed similar 
sensitivity to low density methylation in mouse NIH-3T3 
cells and rat LWEF cells. QT6 cells resembled CEFs with 
the exception of weaker inhibition of densely methylated 
plasmid DNA; this might be caused by some transcrip- 
tional dysregulation accompanying the transformed state 
of this cell line. In one experiment, we eliminated the 
adjacent vector DNA whose methylation might contribute 
to the total inactivating, effect We used HinMl and 
flam HI restriction endonucleases with recognition sites 
upstream of the RSV LTR and downstream of the SV40 
poly(A) + , respectively, leaving the reporter proviral struc- 
ture within a 2.7-kb DNA fragment BamH\-Hind\\\ dou- 
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FIG. 2.. Inhibition of the RSV l_TR*driven transcription by DNA mathylation, CEFs, QT6. NIL-2. NIH-3T3. and LWEF cells were transiently transfected 
with 2 Atg of tha pLTR-CAT DNA methylated in vitro by Sssl Hha\ t and HpaW metrtyitransf erases. As a control, nonmethylated DNA was used. CAi 
activity was measured 48 h postrranBTeciion. me CAT activity of non methyl a tsd reponer DNA in CEF 5 is cotculaied as 1Q0°A This experiment was 
repeated independently throo ilmea. Data of one representative experiment performed in triplicate ara proaontod as moan ±. SEW values. 



ble-digested pLTR-CAT DNA was methylated by Sss\ or 
HpaW methylases and used for CAT assay in CEFs and 
NIL-2 cells. CAT activities in this experiment were not 
significantly higher than that of nondigested reporter 
DNA (data not shown) with tha exception of Wp^ll-math- 
ylsted DNA in CEFs (but not in NIL-2 cells). CAT activity 
here reached 63% of The nanmeihylated control. 

Time course of methylated RSV LTR inactivation after 
transfaction 

To gain some understanding of the mechanism that 
brings about the inhibition of RSV LTR-driven transcrip- 
tion by DNA methylation, we measured the CAT activity 
of in vitro methylated pLTR-CAT on 3 consecutive days 
posttransfection. Figure 3A shows that in CEFs and QT6 
cells, the transcriptional inhibition of Sssl-methylated 
pLTR-CAT increases with time, being relatively weak the 
first day posttransfection (20% and 34% of the CAT activ- 
ity of the nonmethylated control) and reaching a maxi- 
mum on the third day. In contrast, expression of the 
Wpall-methylated pLTR-CAT increases siowiy, almost 
reaching the expression of the nonmethylated control on 
the third day posttransfection. 

Maintenance of the in vitro DNA methylation after 
transfection into cells is shown in Fig. a We transfected 
in parallel nonmethylated (lanes 2 and 3), Hpa 1 1 -methyl- 
ated (lanes 4 and 5), and Sssl-methylated (lanes 6 and 7) 
plasmid pLTR-CAT into CEFs and isolated the total cel- 
lular DNA 2 days posttransfection. These DNAe were 
cleaved separately by Hp&\\ (lanes 3, 5 t and 7) and Msp\ 
(fanes 2. 4. and 6). Southern blot hybridi2ed with LTR and 
loader probe shows that the M-spl-produced bands of 4.18 
and 932 bp are absent in HpaW digests (lanes 5 and 7) 
and indicates that DNA methylation of 5'-CCGG-3' se- 
quences in U5 region and adjacent vector DNA is kept' 

during thea transipnt tranKfociion c"«ri od. tt i>i, however, 

not clear whether the overall CpG methylation along the 



reporter construct is maintained precisely during this 
time. Also, a longer retention of methylated olasmid in 
the cell nuclei was described (Hsieh. 199*). Expression 
of Sssl-methylated DNA soon after Transfection indicates 
that at least some of the LTR-binding transcription fac- 
tors are not sensitive to CpG methylation per se and that 
rather slowly acting indirect mechanisms (l.e. T binding of 
a protein repressor and/or changes in chromatin confor- 
mation (Jones ez al., 1998; Nan ez aL 1998) might bg 
involved. Such a delay in transcriptional repression has 
been described after microinjection of methylated her- 
pes simplex thymidine kinase DNA imo ceil nuclei (Busch- 
hausen et a/. r 1987). Again, RSV LTR in NIL-2 and NIH- 
3T3 cells is more sensitive to both high and low density 
methyiation than in CEFs Or QT8 because it is fully 
inactivated as soon as 24 h after transfection (Fig. 3B). 

Transfection of high.- doses of DNA overrides the 
methylation-caused inhibition 

Another evidence thatthe RSV LTR is more sensitive to 
DNA methylation in mammalian than in avian ceils 
comes from the transfection assay with high doses of 
Sssl-methylated pLTR-CAT (Fig. 5), Transfection with 0-5- 
2.0 /ig of methylated DNA resulted in barely detectable 
CAT activity, reaching 2-3% of that of the nonmethylated 
DNA Transcriptional capacity of chicken cells seemed to 
be fully saturated with 2.0 pig of nonmethylated pLTR- 
CAT DNA because Transient transfection of' 5 jug plasmid 
DNA did not lead to a significant increase in the CAT 
activity, Transfection with 5-0 /i.g of Sssl- methyl a ted DNA. 
however overrode the transcriptional inhibition with 34% 
of CAT activity compared with the nonmethylated control 
(Fig. 5A). tn contrast to CEFs. high doses of in vitro 
methylated DNA aro fully inactive after transfection into 
NIL-2 cells (Fig. 5B). In a parallel experiment, QT6 and 

N1H-3T3 cells resemble CEFs and MlL-2 cells, respec- 
tively (data not shown). These results suggest aaain that 
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FIG. 3. Time course of the transcriptional inhibition of the methylated pLTR-CAT DNA aner Transfcciion In CEFs and QT6 (Al or NJL-2 and NIH-3T3 
cells (B}, Culiivsted cells were transfacted with 2 ^ of SssNmethyiated, Hpeil-meinyiared. and nonrnethylated plasmid DNA and The CAT activity was 
mgasured 24, 48, and 72 h posnransfection. These results represent the mean ± SEM from two Independent experiments performed in duplicate. 



mammalian cells are more capable of inactiveting meth- 
ylated RSV LTR than permissive chicken cells and ex- 
cludes a possibility thgt reasonable CAT activity after 
transfection of high dose of the reporter plasmid into 
CEFs Is caused by nonrnethylated fraction of the plasmid 
DNA. This saturation together with the time course of 
inhibition in permissive cells indicates again that meth- 
ylation of the RSV LTR alone does not simply mask the 
recognition sites of sequence-specific Transcriptional ac- 
tivators. Levine era/. (1991) described similar overriding 
of the methylation-dependent inhibition of mouse metal- 
lothioneln I gene promoter as an exhaustion of methyl- 
cytosine-binding trans repressors. Indeed, some of the 
methylation repressors might be of relatively low abun- 
dance (e.g.. —5000 molecules of MeCPl per nucleus, 
Meehen ei aL, 1992). Under such conditions, overriding 
the inniDltron Dy cotranstecti on ot tne reporter plasmid 
wiin the excess ot a nonspecific methylated competitor 



might be possible. However, our preliminary axperi- 
ment3 aimed to show such a competition was unsuc- 
cessful (data not shown), which suggests that conditions 
differ between the models of Levine ef aL and our ex- 
perimental models. 

Methylated RSV proviral DNA does not induce 
progressively growing sarcomas in chickens 

To evaluate whether DNA methylation of RSV LTR is 
sufficient for provirus inaotivation, we tested the tumor 
forming capacity of in vitro methylated cloned proviral 
DNA Previously, we have shown that linearized cloned 
DNA of the LTR, v-sac, LTR provirus induced sarcomas in 
cnlckens with hign efficiency and short latency after 
subcutaneous inoculation (PlachJ era/., 1994; Svoboda 
era/., 199?). One-day-old chicks of the Prague inbred line 
PR-CC.Rl (Plach£ et a/., 1989) were inoculated sepa- 
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FIG. 4. Maintenance or tn viva DNA metfiyiaiian wtihin The LTR of the 
TTansfected plasmid DNA. Nonmerhylaicd (Jonas 2 and 3)« Wpall-math- 
ylotcd (lanes 4 and 5), and Sffsl-m ethyl 8t9d (lanes 6 and 7) pLXR-CAT 
plasmid DNA was transferred into CEFs and isolated 3 days posnrans- 
lectloa DNA samples were cleft separately by Msp\ {lanas 2, 4, and 6} 
and Hpafl {lanes 3. 5, end 7), migrated in i% agarose gel, blotted onto 
nylon msmbrane, end hybridized with a radioactlveiy labeled Kpn\-Pst\ 
tragment of RSV LTR and leader (Fig. U Mspi-deavad DNA from 
nontranslscted CEFs (lonei) was used aa a control. Mspl produces 
banfle of 932 bp (U3. part of U5 and 5' adjacent part of the vector 
sequences) sod 416 od (pan a\ U5. leader and 3' adjacent pan of the 
CAT gene), HpaW produces bands of clearly nigher molecular weight in 
both Hps 1 1- and Sssl-methylated reporter pi as mid. 

rately with 0.5 /ig of Sssl-methylated, Hpsll-methyiateo, 
and non methylated proviral DNA, and tumor occurrence 
and growth were monitored for 60 days postinoculation. 
LTR, v-src. LTR DNA used was the pH-19r1cl.3 linearized 
by Hin6\W cleavage (Hejnar eiaL 1994). Nonmeihylated 
DNA induced progressively growing sarcomas ie* all in- 
oculated animals as soon as 12-21 days postinoculation. 
Hpali-methylated DNA induced sarcomas also with 100% 
efficiency but with a slightly longer latency and with a 
clear tendency to regression. High density meihylaiion 
by Sss\ reduced the incidence of sarcomas to 30% 
Almost nonpalpable tumors appeared after a latency of 
28-43 days and regressed completely after 2-4 weeks of 
persistence. The kinetics of tumor growth are shown in 
Fig. 6. 

MoMLV LTR-, but not RSV LTR-. driven v-src gene 
Induces sarcomas in hamsters 

In accordance with tne low efficiency of the transfor- 
mation of rodent cells by RSV. we expected that tumor 
induction by v-src gene DNA under tne control of RSV 
LTR could be very exceptional in the Syrian hamster We 
inoculated newborn hamsters with i /ig or to fig of 
pH-l9r1cl.3 plasmid DNA linearized by HintiiU enaonu- 
clease and inspected the tumor occurrence for IB 
months During this time, no tumor appeared at the site 
of inoculation (Tame i)> aitnougn tne higher dose of 



plasmid DNA represents 100-fold excess of DNA. induc- 
ing sarcomas nearly in 100% of the inoculated chicks (J. 
Plachy and J- Hejnar, unpublished data). 

To obtain v-src DNA-induced tumors in hamsters, we 
tried to oromote tumor induction by an antimethylation 
treatment of inoculated animals because demethylation 
of inactive proviruses often led to cell transformation. 
Another cohort of 54 newborn hamsters from 8 litters 
was inoculated with a high dose of linearized pH-19rlcl.3 
DNA and injected weekly with 5 /xg of 5-aza-dC/5 g body 
weight, injections of 5-azadC were started on day 7 and 
continued for 100 consecutive days. Animals were mon- 
itored for 20 months, but only one sarcoma at the sits of 
inoculation appeared during this time. DNA analysis of 
this 3arcoma by Southern blotting did noT show the 
presence of any part of the proviral structure (data not 
shown), and therefore induction of this tumor should be 
anriDureojo the mutagenic effects of 5-aza-dC alone 
ratnerthan to tne proviral activity (Table 1). 

Although the lack of tumor induction in hamsters fits 
well with the sensitivity of RSV LTR to DNA methylation 
described in transient transfection experiments, it was 
not clear whether the proviral DNA was inactivated effi- 
ciently after integration into tne namster genome or, 
alternatively, the technique of DNA inoculation was not 
proper for the delivery of proviral DNA into tne target cell. 
An indication that the v-src gene DNA is poTentlally 
capable of sarcoma induction in vivo came from experi- 
ments with MoMLV LTR-driven v-src. Circular pMvsrc 
plasmid DNA was used due to the scarcity of restriction 
sites outside the coding or regulatory regions. Newborn 
hamsters ware routinely inoculated with 1 or 5 ^g of 
plasmid DNA without any antimethylation treatment and 
monitored for 9 months. In this experiment, sarcomas 
were induced in 69% of the inoculated animals after 
13-54 days (mean latency, 28 days). These sarcomas 
varied with respect io progressive growth, persistence, 
or regression. SssI- methylated pMvsrc DNA failed to 
form sarcomas, as well as the A/i/ll-digested oMvsrc 
DNA cleaved three times within the v-src coding se- 
quence (Tabl<? 1). The presence of the v-src gene in 
hamster sarcomas was evidenced by PCR, Figure 7 
shows two representative progressively growing v-sre- 
positive pMvsrc-induced sarcomas. These results not 
only demonstrate the efficiency of sarcoma induction by 
v-src but indicate that the type of LTR is critical for 
provirus acTivity or silencing and "hat the RSV LTR might 
be the principal target for inactivation by methylation. 

DISCUSSION 

Our study describes different levels of transcriptional 
suppression of methylated RSV LTR in permissive 
cnicken cells and nonpermissrve hamster cells in the 
transient assay (i.e., before integration into the host ge- 
nome). Aiier integration, The metnylntad RSV LTR mlgnt 
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be subvened to further inactivating events. In mamjTia- 
lian cells. RSV LTR-driven proviruses or constructs'are 
transiently active (Machofi et ah, 1996; Overbeek ef a/., 
1986) but are rapidly methylated and inactivated after 
integration, with the exception of those fortuitously inte- 
grated in the vicinity of CpG islands {Fincham and Wyke, 
1991). It is not the case of chicken cells, where exog- 
enously introducad RSV proviral copies are not detect- 
ably methylated over the background of methylated en- 
dogenous evloci (Guntaka era/.. 1980: Katz et aL 1983). 
Clonal analysis of chicken cells lacking endogenous 
proviral copies infected with repUcaTion defective virus or 
RSV LTR-driven reporter could unambiguously solve this 
question. However, we show that in vitro methylated 
proviral DNA introduced into chicken cqIIs in vivo obvi- 
ously does not induce progressively growing sarcomas, 
which means that the integrated proviruses are kept 
Inactive, probably mcthylstad- 

The sensitivity of RSV LTR to DNA methylation within 
the U3 region was described previously by Guntaka or a/. 
(1987) in quail QT6 cells using the rat liver methylrrans- 

fcraoc. To assess more precisely The decree of this 

down-regulation, wg measured the transient expression 



Of the RSV LTR-driven CAT reporter construct methylated 
in vitro by defined prokaryotic methyltranferases Sss\, 
Hpail, and Hhd\ in CEFS- in contrast to the experiments 
of Guntaka era/., we methylated not only the LTR but also 
the CAT coding sequence ana flanking vector DNA. No 
significant effect of /-/pall or Sss\ methylation in the 
coding region of the CAT gene has previously been 
documented (Rosl et aL 1993; Schroeder and Mass. 
1997). Also, in other reporter genes, such as luciferase or 
0-galactosidase genes, Sssf methylation of the coding 
sequences was not sufficient for full transcriptional sup- 
pression (Cassens era/., 1994; Muiznieks and Doerfler, 
1994). In addition to the RSV LTR and CAT coding se- 
quence, the GC-rich prokaryotic vector DNA was meth- 
ylated in our experiments. Although many authors failed 
to observe any significant effects of methylated flanking 
DMA, Bryans er aL (1992) described inhibition of tran- 
scription from the SV40 early promoter by vector Sss\ 
methylation. Similarly, Pichon ef ah (1994) described re- 
pression of the unmethyiated thyreoglobulin promoter by 
methylation of flanking plasmid DNA. To determine 
whether mQthylation of , vector DNA contributed to the 
inhibition effect, we used a double-digested reporter 
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TABLE 1 



Tumor Induction by v-src-Containing Proviral DNA 
in Newborn Hamsters 





frequency of 






hamstGrs with 


Laie 


inoculum (piasmia digestion) 


sarcomas* 


(as 


pH19rlcl.3 i MiHrndW) 


0/67 {0%) 




0H19r1cL3 10 fia (Hindi]]) 


0/39 (0%) 




pHisncl.3 50 p.g (Hlndul) 


0/6 (0%) 




pHl9ncK3 10/ig {HJnm\ + 5-aza-dC 


1/54 (2W 


3£ 


pMv3rc 1 fig (nondigested) 


15/22(68%) 


13- 


pMvsrc 5 M9 (nonafgesteo) 


3/4 (75%) 


1 


pMvsrc 1 jig .{nondig,, Ssyl mcihyfated) 


0/8 (0%) 




pMvsrc 5 >ig [Pvt/W) 


0/5 (0%) 





* Frequency of hamsters with sarcomas at the sito of tnocuJatlc 
expressed as the number of hamsters developing sarcomas/numb; 
hamsters inoculated. 



*This sarcoma cannot be ragardgd as v-s/i>lnduced because 
DNA analysis did not ahow ihe presence of cither v- OT gene or 
5?qu9nc95. 



construct witn eliminated Tianicing vecior sequences and 
found tnai trie methylated DNA was transcriptionally re- 
pressed to a similar degree .as the whole methylated 
reporter construct. Taken together, we conclude that the 
main characteristics of the methylation-dependent inac- 
tivation of the RSV LTR-d riven reporter can be attributed 
to the RSV LTR with only minor and nonsignificant con- 
tributions by the remainder of the reporter construct 

It is difficult io explain how the HpaW methylation of a 
single CpG out of the promoter or enhancer region of the 
LTR can effectively suppress transcription; 'similar site- 
specific effects of methylation on HIV-1 or HTIV-1 LTR 
map near to the nuclear factor-KB- and Sp1 -binding sites 
or Tax- and PMA-respansive element, respectively (Bed- 
nartk et aL 1990; Saggioro et ai, 1991). Recently, how- 
ever, the importance of sequences located downstream 
of the HIV-1 transcription start within the U5 and leader 
region has been recognized for proviral transcription 
activity and chromatin structure (El Kharroubi and Martin. 
1996: Van Lint et aL 1997). In our reporter construct' 
there is a duster of u CoGs without HpaW site in the RSV 
leader region (Fig.1). 

DNA methylation of proviral sequences has usually 
been regarded as a passive and secondary event in th<? 
transcriptional inactivation of retroviruses, as an addi- 
tional lock mechanism against reactivation of previously 
inactivated proviral copies. However, mothylation in th© 
promoter/enhancer regions has been shown to be cru- 
cial for suppression of provirus or gsna expression, 
whereas methylation within the open reading frames el- 
s' io thorn hap IittIo a richer (Cfl*5f3«n<s si, 1$QA>. Gumaka 

QX aL T987). Other data also suggest that DNA methyl- 
ation plays a more active role in the virus-cell interac- 



tion. For example, Joel et ai (1993) described a nucl- 
protein with enhanced binding to methylated Sp1 sitcc 
the LTR of HIV-i distinct from all so far known prate 
with affinity for methylated DMA. This protein, HT 
methylated DNA binding protein (HMBP), is expressec 
human 004^ T cells and mighr be a prototype of cslli 
proteins, bringing about the retroviral latency via D 
methylation. In contrast, frog virus 3 (FV3) is a ch 




FIG. 7. PCR detection of v-src gene In DNAs from pMvsrc-indu.- 
.tumors. DNAs isolated from sarcomas pMvsrca/6 ana pMvsrcS/e 
gerher with negative and positive controls were suDveneo io pcr 
aescnoea under "Materials ana Memoes/ Praauas ot pch were s 
fractionated in ogorooc gc | and viauolizcd by cihidium bromide so 
ing. Lane M Indicates 50-bp ladder (Boehringar Mannhaim); lano i. u 
v-sre. LTR-transformed chicken tumor cell line 9692 (Svoboda er 
ll S J}f'fFl ay ^ g 3 v " 5 ^ s Pecific 176-op fragment used as a oosi 

convol: lane 2. sarcoma pMv=rcB/6; lane 3. zarcoma ' 
lane 4, uninfsciGd CEFs displaying a c-rr- specific 2Gl-bp frogm 
useo as a neoatiue control. 
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example of a viral antimethylation strategy. FV3 encodes 

dIZ^T^™ 3 * T ° p ™ ect ^-'ra, genome 
DMA trom sndonuclsolytic cleavage and concomltantlv I 
so-f 3 r-un,d e ntifi 8d pratein encoded ^ 

express.on of heavily methylated viral and for eig DN a 

Branding of provira( inaCTivaTion Q DN '"« r 
might Shed new lignt on reirovlra) lat y en ^ s 7 e 7 a 'f- 
host perm.ssiveness io retroviruses &we,, asthe 
Based on the fact Wat the large majority of methvi™ 
tonne , n the mammalian genome comes UrlnT- 
sequences that arose JJlZ^^w™ 

9 enom e P^SsVa^^Tr ffi'TO 
. «. 1997). Antimethylation strategies a "eZlrs* 

Ks p Sm2r coevolution ° ? ™L?std r L a , 

ratio, 4.92) and HlV-2 strains (CdG 0Ip5cam0S9 ™ a 
2.98) shows that Miv 1 r,r„k u. • ei P ec 'ed/otss BIved ratio, 

In summary. we h a „ a showr , that h 

e*pe„ me „,s S „,° ,Z ,Z SarC °™ "' 0uaton 

cpII«! pqw „ .°y esT xnat aner /ntegration into rodent 
cells. RSV prov.ruses arB inacth , aTed b «ra 

press.v e m e ch a ni Sm directed against the RsC , ru T. 
not MoMLV Lm All Inese .J^l Z^ON* 

n m to rwrov roJ 0 x P r e55 i On and retroviral latency Fur 
thermore, avo.dance D f xnis Hindrance Can lead fo^l 

nan cef/w. Mechanisms Of RSV LTR mariw:,,^ ,/ 
tinman strategies are und^7^ 



contains the Schmidt Ruppin A v . sr r n Q n Q ♦ 

A» ,,an k s. by MoMLvV iSS^J^- 

Cells and ceil culture 

*t»l_ ^ ,05C0VIC| era/., 1977) was used in parallel to CFFc 

parallel to NIL 2 Pp ., SSVeral 8x °erim e nt S ir 

^par^Ham's no tZ7/eTenZ%T in mi * c 
with 5% calf serum si p£S „ MEM Su PD'em e nt9c 

weekly CEFs and QTfi roiiJ < ? Passaged twice 
with i« chicLn senlm ™' *"* er ~PP'*"«»c 

In vitro DNA methylatian 

Plasmid DNA was methylated in witrr, h. 
J^y-ases H Psil (MBl-FermentasT H hal 
New England Blolabs) for 2-4 h i *tS (b ° th 
enzyme/^g of DNA in buffed sup * bSS"S a i ? ° f 
turer. Then, 80 or ISO i-m c *" pp,,8a i Py Tr, 8 manufac- 

metnyiation reactions were dioLtLd f- 1 L 8 K DroducTS or 
endonucleases /y ps „ or ^ f Sdna, tdT^ 0 

y nemyiatefl samples were used for exp?rimonta. 

Confirmation of the DNA m=>«,.,i-.»- 

transfection rnethylation after transient 



MATERIALS AND METHODS 



Plasmid constructs 

Jr and leader sequences, nucleotides 504 mil 
according to Boaor era/ iqqqi • l. cul,aes O04-1037 

of oCATR flai r 9) imo the PO'yc'oning site 

of pCAT-Basic expression vector (Promeoa) containing 

lh«- , 9 sec ' uen ce and SV40 poMA) + ttji a 

chon 1996J . piasmj(J pH . igrid 3 con ^ly A) (Ma- 

pu TO . or hamster DNATnserted nto ^dT.^ 

the vector DGEM47 (Pmmon.i 1+ ™ani srte of 

logical sctivity were dSS' ' COnsm ? ion ""d bio- 
1994) Piacm m fr 0escnbBd Previously Hejnar er a/ 
1994). Pla Sm ,d pMvsrc (a kind gifr of Dr. M. S H ate em) 



blotting. TotaToKJ w»~ , Se ? ue " MS by Soutflem 

7 «ina /wspi restriction endonucleasea iDr~~ > 
m.grated in 1% agarose gel and hin£? '^-ega). 
Drane Ceta Pmhc d B ! „ otted onTO nv, o R m em- 
!2ed with fho !: IO " RadJ - Southern b| o^ were hybrid- 
ised with the radioactively labeled Kon\-pJ t 
comprising the RSV LTR and IpJhL fragmen- 

into pLTR CAT ranorror „, • der ^^e^es cloned 
P L..« uai repoaer plasmid (Fig.1). 

Transient transfection 

' lr> 0,75 x to" primary ce.=s (or 
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0.5 X 10 s QT6. NIL-2. NIH-3T3, and LWEF cells) 20-24 h 
before transfection. Transaction (lipofectiori) was per- 
formed using 20 /il of A/-[1-{2 T 3-dioleoyloxy)proDyi]- 
MMAtorimeihylammonium methylsulfate transfection re- 
agent (Boehringer Mannheim) according to the manufac- 
turer's instructions in serum-free medium. After 8 h of 
incubation, the cells were washed and than cultured in 
medium supplemented with serum as indicated. The 
efficiency of transfection was found to be reproducible 
without significant variations using a standard j3-gal as- 
say (not shown). We also found minimal variance be- 
tween parallel samples. 

CAT assays 

CAT assay was performed essentially according to 
Seed and Sheen (1988) with some modifications. Briefly: 
transfected cells were harvested and disrupted by three 
cycles of freezing in dry ice and thawing at 37°C in 0.25 
M Tris-CL pH 7.5. Then, 10 juJ of the supernatant was 
incubated in 100 ui of 125 mM Tris-CI, dH 7.5. 0.25 mM 
/>buxyryi-coenzyrne A (Sigma), and 0.1 i^C\ of 1d C-chlor- 
amDhenicof (Amersham. 55 mCi/mmol) for 1 h at 37°Q 
The reaction was stooped by adding 0.2 ml of xylene, 
vortexing. and centrifugation for 2 min at 13,000 rpm, and 
the upper organic phase containing extracted butyry- 
lated chloramphenicol was refracted against 0.1 ml of 
TE (10 mM Tris-Cl, pH 7.6, 1 mM EDTA) and measured in 
a liquid scintillator. These results were finally normalized 
to thp protein concentration of supernatants estimated 
by the Bradford dye binding method using the Protein 
Assay (Bio-Rad). 

Animals, DMA inoculation, and 5-aza-dC treatment 

The animals used in sarcoma-induction experiments 
were bred at the Institute of Molecular Genetics 
(Prague). Avian leukosis-free chickens of the inbred line 
PR-CCR1 have been classified previously as progres- 
sors of v-s/c-induced tumors (Plachy et $L 1989; Sv/o 
boda et bL 1992). Syrian hamsters [Mesocricetus surs- 
tus) have been inbred for >40 Generations by brother X 
sister matinas and characterized by the acceptance of 
skin grafts. 

Plasmid DNAs were purified on a Qiagen column 500 
and linearized outside of the proviral sequences. The 
digests were diluted in PGS A and inoculated in 0.1 ml 
usually containing 1 pig of plasmid DNA. For comparison, 
tho proviral inserts represent -*50% of the whole plas- 
mid. Nine- to 10-day-old chickens were inoculated sub- 
cutancously through the pectoral muscle, and the growth 
of sarcomas was monitored by estimating the areas of 
tumors (Svoboda et ©/., 1992). Newborn hamsters were 
inoculated aubcutsneously. and the incidence end la- 
tency of sarcoma induction were scored. 

5-Aza-dC injections were performed according to 

Laird <*r (T995). wnose Tecnniqua led to a reduced 



DNA methyltransferase activity in vivo and to 
creased level of genomic DNA methyiarion. The 5-; 
(Sigma) was diluted in prooer concentration in ; 
and stored at ~70°C. Animals were weighed a 
jected subcutaneously with 5 /ig of 5-a2a-dC/5 g c 
weight in 0.1-0-2 ml of PBS A Injections were nerf 
weekly starting at 7 days of age and continued 
additional 100 days (14 injections). Control animal; 
injected with PBS A alone. 

PCR detection of v-src gene in DNA-induced 
sarcomas 

For detection of v-src gene in the DNA isolates 
pMvsrc- induced hamster sarcomas, we used PCP 
ers residing in the v-src coding region. Sequ 
are 5 '-CTGCTTTG GAGA GGTCTGGA-3' and S'-T 
G G G CTCTTCCG ACAC-3 ' corresponding to tho r. 
tides 7956-7975 and complementariiy to the nude 
8113-8132 of the Pr-C RSV, respectively (Schwartz 
1Q83). The expected fragment of 17G bp was amplii 
2.5 U of Taq polymerase (Boehringer Mannheirr 
25-^.1 reaction mixture containing 1 x buffer (Boer: 
Mannheim), 2,5 m'M MgCI 2f 200 nM dNTP mix. 15C 
each primer, end 300 ng of template DNA isolatec 
the sarcomas. The first five cycles of ampliticai! 
eluded a 1-min denaturation at 95~C, 1.5-min ann-- 
at 63°C, and 2-min extension at 72°C, In an additio 
cycles, bom annealing and extension times were 
enea to 1 min at 63°C ana 72"C respectively. 
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